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ABSTRACT
In this work, we investigate the formation of a magnetic flux rope (MFR) above the
central polarity inversion line (PIL) of NOAA Active Region 12673 during its early
emergence phase. Through analyzing the photospheric vector magnetic field, extreme
ultraviolet (EUV) and ultraviolet (UV) images, extrapolated three-dimensional (3D)
non-linear force-free fields (NLFFFs), as well as the photospheric motions, we find that
with the successive emergence of different bipoles in the central region, the conjugate
polarities separate, resulting in collision between the non-conjugated opposite polarities.
Nearly-potential loops appear above the PIL at first, then get sheared and merge at the
collision locations as evidenced by the appearance of a continuous EUV sigmoid on 2017
September 4, which also indicates the formation of an MFR. The 3D NLFFFs further
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2reveal the gradual buildup of the MFR, accompanied by the appearance of two elongated
bald patches (BPs) at the collision locations and a very low-lying hyperbolic flux tube
configuration between the BPs. The final MFR has relatively steady axial flux and
average twist number of around 2.1 × 1020 Mx and -1.5, respective. Shearing motions
are found developing near the BPs when the collision occurs, with flux cancellation
and UV brightenings being observed simultaneously, indicating the development of a
process named as “collisional shearing” (firstly identified by Chintzoglou et al. 2019).
The results clearly show that the MFR is formed by “collisional shearing”, i.e., through
shearing and flux cancellation driven by the collision between non-conjugated opposite
polarities during their emergence.
1. INTRODUCTION
A magnetic flux rope (MFR) is a collection of magnetic field lines wrapping around a common axis
with at least one full turn. It is a fundamental structure in the magnetized solar atmosphere (e.g.,
Chen 2017, Cheng et al. 2017, and references therein). Solar flare and Coronal mass ejection (CME),
the most spectacular eruptions happening in the solar atmosphere, are believed to be two manifes-
tations of the eruption of an MFR as interpreted by the standard flare model (e.g. Shibata et al.
1995). After the MFR erupts, it quickly forms a CME, accompanied with a flare generated by the
magnetic reconnection at the current sheet in the wake of the erupting CME. The former releases
bulk of plasma and magnetic flux into the interplanetary space, and the latter causes strong emissions
in various wavebands, both having potential to induce hazardous space weather in the geospace.
Although the MFR is believed to be the fundamental structure of the solar eruption, it is still under
debate that whether the MFR exists prior to the eruption. In breakout and tether-cutting models,
the pre-eruption structure is considered to be sheared arcades which are transformed into the MFR
through reconnection during the eruption (Antiochos et al. 1999, Moore et al. 2001). In contrast,
pre-eruption MFR is required by the ideal MHD instabilities, e.g., kink instability (To¨ro¨k et al. 2004)
and torus instability (Kliem & To¨ro¨k 2006).
3To distinguish the two kinds of the models, many studies paid attention to the origin of the pre-
eruption configuration, in particular the MFR. At present, two general types of formation mechanisms
for pre-eruption MFR are proposed: bodily emergence from below the photosphere or direct formation
in the solar atmosphere. In the first scenario, the MFR is believed to be formed in the convection
zone and emerges into the solar atmosphere through magnetic buoyancy (Zwaan 1985, Low 2001).
The process is investigated by many numerical simulations. It is found that the bodily emergence of
the MFR, i.e., the emergence of its axis and the helical field lines around it, can only be achieved
by imposing strong field strength or high degree of twist to the subsurface MFR, or vertical velocity
field in the convection zone (e.g., Emonet & Moreno-Insertis 1998, Fan & Gibson 2004, Amari et al.
2004, 2005, Murray et al. 2006, Jouve & Brun 2009). In most cases, the MFR axis is not able to cross
through the photosphere by the means of magnetic buoyancy and magnetic buoyancy instability,
since the heavy plasma collected at the magnetic dips inhibits its emergence (Cheung & Isobe 2014,
and reference therein). The emerged part appears as sheared arcades in the solar atmosphere. It is
the subsequent photospheric flows and flows-driven reconnection that play a crucial role in creating
a new MFR in the solar atmosphere (e.g., Fan 2001, Archontis et al. 2004, Manchester IV et al.
2004, Archontis & To¨ro¨k 2008, Fan 2009, Archontis & Hood 2010, 2012). The process is similar to a
“serpentine flux tube” emergence scenario that interprets the origin of the fine-scale coronal magnetic
field (e.g., Bernasconi et al. 2002, Pariat et al. 2004, Cheung et al. 2008, Pariat et al. 2009, Valori
et al. 2012, Cheung & Isobe 2014).
The bodily emergence scenario is also supported by a few observations. For example, Okamoto et al.
(2008, 2009) examined the vector magnetograms of NOAA active region (AR) 10593 and found two
primary phenomena based on which they concluded the bodily emergence of a horizontal MFR: (1)
the abut opposite-polarity regions with weak vertical magnetic field and strong horizontal magnetic
field first grow laterally then narrow down (named as “sliding-door” effect), (2) the horizontal field
along the polarity inversion line (PIL) reverse from normal-polarity (pointing from positive to negative
polarity) to inverse-polarity configuration. Moreover, blue-shift, “sliding-door” effect, etc., in filament
regions are reported to suggest possible bodily emergence of the MFR (e.g., Lites et al. 1995, 2010,
4Kuckein et al. 2012a,b). However, the results in Okamoto et al. (2008) are also questioned by
some other researchers, e.g., Vargas Domı´nguez et al. (2012), due to the lack of the prominent flux
emergence and characteristic flows. Furthermore, statistical works suggested that more than 90%
of intermediate and quiescent filaments, which are seen as the MFR proxy, appear in the region
involving interaction of multiple bipoles, rather than in the single bipolar region, suggesting that
bodily emergence of the MFR may be rare (Mackay et al. 2010, and reference therein).
In the second scenario, the MFR is thought to be directly formed in the solar atmosphere via mag-
netic reconnection and/or photospheric motions. For instance, in the flux cancellation model pro-
posed by van Ballegooijen & Martens (1989), through photospheric shearing motions and converging
motions in a bipolar region, the coronal arcades are sheared and brought together to reconnect at,
or slightly above, the photosphere, forming the helical flux of the MFR as well as the small magnetic
loops underneath. If the loops are short and low enough (lower than a few times of the photosphere
scale height, i.e., around several tenths of a megameter from the base of the photosphere as indi-
cated in van Ballegooijen & Martens 1989), they may submerge due to strong magnetic tension,
manifesting as flux cancellation at the photosphere. The process has been successfully reproduced
by numerical simulations (e.g., Amari et al. 2003a,b, Aulanier et al. 2010, Amari et al. 2010, Jiang
et al. 2014) in which various surface effects such as shearing motions, converging motions, turbulent
diffusion, etc., are employed to drive the flux cancellation. As an extension to this model, several
works suggested that the flux cancellation may occur at the interface of different bipoles within a
multipolar region (Martens & Zwaan 2002, Welsch et al. 2005, Mackay & van Ballegooijen 2006).
Observationally, the MFR formation through flux cancellation has also been widely investi-
gated (e.g., Schmieder et al. 2004, Green & Kliem 2009, Green et al. 2011, Savcheva et al. 2012,
Cheng et al. 2014, Joshi et al. 2014, Yan et al. 2016). As the direct measurements of the coronal
magnetic field are quiet rare, various proxies of the MFR, e.g., filaments, sigmoids, hot channels are
investigated to reveal the MFR formation. For example, Green & Kliem (2009) and Green et al.
(2011) reported the transition from two groups of J-shaped sheared arcades into a continuous sig-
moid in the soft X-ray emission, similar to the formation of a sigmoidal hot channel in the 94 A˚ and
5131 A˚ passbands as reported by Cheng et al. (2014). In these cases, the flux cancellation is observed,
with a unique configuration called Bald Patch (BP, Titov et al. 1993) identified. Magnetic field lines
at BP graze the photosphere and point from the negative to the positive polarity, that the separatrix
surface favoring the reconnection may be formed here. Considering the presence of prominent shear-
ing flows along, and converging flows toward the PIL, the authors suggested that the flux cancellation
driven by the photospheric flows near the BP leads to the formation of the MFRs.
The flux cancellation is indeed a reconnection happening at (or very near to) the photosphere and
usually proceeds gradually in a quasi-equilibrium manner. It is possible for the pre-eruption MFR to
be formed by reconnection higher (in the corona), or more drastically (in confined flares). With the
slow rise of the forming MFR, the photospheric BP configuration may change to a coronal Hyperbolic
Flux Tube (HFT, Titov et al. 2002) topology, at which two quasi-separatrix layers (QSL, Titov et al.
2002) intersect. The reconnection may occur here to from the MFR (e.g., Aulanier et al. 2010, Fan
2012, Cheng et al. 2014). The process may even occur rapidly during confined flares as suggested by
a few observations (e.g., Guo et al. 2013, Patsourakos et al. 2013, Chintzoglou et al. 2015, James et al.
2017, Liu et al. 2018). Moreover, the MFR may also be formed by photospheric motions without
reconnection. For example, sunspot rotation is suggested to be able to twist the magnetic field lines
to form the MFR (e.g., Longcope & Welsch 2000, Fan 2009, Leake et al. 2013, Yan et al. 2015, 2018).
As described above, the photospheric flows and flows-driven magnetic reconnection play an im-
portant role in forming the pre-eruption MFR in the solar atmosphere, either during the partial
emergence of a sub-surface MFR or in the process not considering the sub-surface magnetic config-
uration. Various flows may be caused by various mechanisms. For instance, the shearing flows may
result from differential rotation (DeVore 2000, Welsch et al. 2005) or driven by the magnetic ten-
sion (Manchester IV et al. 2004); the converging flows can be caused by the flux diffusion (Aulanier
et al. 2010); the rotation motions may result from the propagation of the nonlinear torsional Alve´n
wave along the flux tube (Longcope & Welsch 2000, Fan 2009). Recently, Chintzoglou et al. (2019)
proposed a new interpretation to the causes of the photospheric shearing flows, as well as the origin
of major solar activities, through analyzing two flare/CME productive Active Regions (ARs). The
6ARs have multipolar configuration formed by the multiple flux tubes emerging simultaneously or
sequentially. The two legs of each flux tube, which are manifested as the conjugated polarities on the
photosphere, naturally separate during their emergence, resulting in collision between non-conjugate
opposite polarities (see Figure 1 in Chintzoglou et al. 2019). The collision drives subsequent shearing
and cancellation that produce the activities. The process is named as “collisional shearing”.
In short, it seems that for the pre-eruption MFR, being formed in the solar atmosphere is more
likely than its bodily emergence. If the latter does occur, flux emergence would be a natural result.
Meanwhile, observationally, flux emergence is usually accompanied with various surface effects such
as photospheric motions and flux cancellation. Due to their mixture, disclosing the exact origin of
the MFR during the flux emergence becomes difficult. In this paper, we investigate the formation
of an MFR in the early emergence phase of NOAA AR 12673 to explore the above problem. The
AR is the most productive AR in the minimum of Solar Cycle (SC) 24 and presents the fastest
flux emergence ever observed (Sun & Norton 2017), hosting so far the most energetic flare (an X9.3
class flare on 2017 September 6) in SC 24. Most research focused on the properties of the two
X-class flares on 2017 September 6 (e.g., Yang et al. 2017, Romano et al. 2018, Mitra et al. 2018,
Inoue et al. 2018, Verma 2018, Yan et al. 2018, Veronig et al. 2018, Shen et al. 2018, Hou et al.
2018, Zou et al. 2019). A few work also paid attention to the long-term evolution of the AR. For
instance, Wang et al. (2018) analyzed the photospheric flows and concluded that the horizontal flows
on the photosphere contributed the majority of the magnetic helicity of the AR. Vemareddy (2019)
analyzed the extrapolated coronal magnetic field in addition to the photospheric flows and drew a
similar conclusion. Although both works hint that the MFR may be formed in the solar atmosphere
rather than from a bodily emergence, a detailed study on the formation process at the central PIL
(the source PIL of the two largest X-class flares), especially during its early emergence phase, is still
needed. The remainder of the paper is organized as follows: the data and methods are introduced
in Section 2, the results are presented in Section 3, followed by the summary and discussions in
Section 4.
2. DATA AND METHODS
7To analyze the origin of the MFR above the central PIL of NOAA AR 12673, the evolution of
the photospheric magnetic field and coronal appearance in ultraviolet (UV) and extreme ultravio-
let (EUV) passbands are inspected at first. Data from the HMI (Hoeksema et al. 2014) and the
AIA (Lemen et al. 2012) onboard SDO (Pesnell et al. 2012) is mainly used. The HMI provides a
data product called Space-weather HMI Active Region Patches (SHARPs) (Bobra et al. 2014), which
tracks the photospheric vector field of the AR with a spatial resolution of 0.5′′ and a temporal cadence
of 12 minutes. A specific version of the SHARP data, which is remapped into the cylindrical equal
area (CEA) coordinate to correct the projection effect, is used. The AIA provides the UV and EUV
images with a temporal cadence up to 12 seconds and a spatial resolution of 0.6′′.
Due to the lack of direct measurement, the three-dimensional (3D) coronal magnetic field is recon-
structed by a Non-linear force-free fields (NLFFFs) extrapolation model (Wiegelmann 2004, Wiegel-
mann et al. 2006, 2012), using the CEA version of SHARP magnetograms as the bottom boundaries.
The magnetograms are preprocessed to reconcile the possible non-force-freeness of the photosphere
and the force-free assumption of the model.
Based on the extrapolated coronal magnetic field, we quantitatively analyze the property of the
MFR. We identify the MFR strucutre using a method developed by Liu et al. (2016) through calcu-
lating the twist number Tw and squashing factor Q for the magnetic field lines. The former measures
the number of turns a field line winding and is computed by Tw =
1
4pi
∫
l
αdl, where α denotes the
force free parameter and dl denotes the elementary length. The latter quantifies the change of the
connectivity of the magnetic field lines. High Q values mark the QSL region, where the connectivity
of the field lines changes drastically (De´moulin et al. 1996, 1997, De´moulin 2006). An MFR has high
degree of twist than its surrounding, that its cross section generally displays a strong twisted region
wrapped by a boundary of extremely high Q values. Once the MFR is identified in the NLFFFs using
the method above, its axial flux Φ and average twist number Tw can be calculated. Φ is computed
by Φ = B ·S, where S = Sn; S is the area of the MFR cross section while n is its normal unit vector.
The average twist number Tw can be estimated by Tw =
ΣTw(|Bn|dA)2
Σ(|Bn|dA)2 based on the expression of
8the relative magnetic helicity of a flux tube, H =
∫
Twdφ
2 ≈ Tw
∫
dφ2 (Berger & Field 1984). Bn is
the magnetic field component normal to the cross section, and dA is the elementary area.
We also calculate the photospheric velocities by a Differential Affine Velocity Estimator for Vector
Magnetograms (DAVE4VM) method developed by Schuck (2008), using a time series of SHARP
magnetograms as input.
3. RESULTS
3.1. Formation of the MFR along with the flux emergence
3.1.1. Flux emergence in the central region
NOAA AR 12673 hosts a multi-polar configuration formed by different groups of flux concentrations
emerging at different times. Five bipoles are involved in forming the central PIL. They start to
emerge in succession from around 18:00 UT on 2017 September 3, surrounded by other already
emerged polarities (Figure 1). The conjugate polarities of each bipole are determined by the criteria
proposed in Chintzoglou et al. (2019): they emerge at the same time and move away from each
other. The earliest emerged negative polarity (N1 in Figure 1(a)) is adjacent to a pre-existing
positive polarity patch (P0 in Figure 1(a)), while its conjugate positive polarity (P1 in Figure 1(a))
moves southwestward. Later on, two other bipoles, N2 P2 and N3 P3 emerge successively at the
north of N1 (Figure 1(b)-(c)). The separation of their conjugate polarities are not as clear as that of
the bipole N1 P1, likely because that the surrounding pre-existing polarities inhibit their motions.
Nevertheless, one can still see the overall northeastward motion for N2 and N3, and southward motion
at least for P2. The latter results in collision to N1.
After the data gap caused by the solar eclipse from around 06:00 UT to 08:30 UT on 2017 September
4, another two bipoles appear on the magnetograms (see Figure 1(d)-(f)). The bipole N4 P4 emerges
at the south of P1, with a clear separation identified. The polarity N4 seems to have collided with
part of P1. The other bipole N5 P5 emerges at the northwest of N2 and N3. The clear separation
between N5 and P5 is also observed, with P5 moving southeastward and mixing with pre-existing P2
and P3 which have collided with N1. The negative polarities N1, N2 and N3 merge gradually later.
9The above results suggest that the central PIL (green line in Figure 1(e)) is formed by the interaction
between different bipoles, at least including the collision between non-conjugated polarities at two
locations, one between N1 and the mixture of P2, P3 and P5, and the other one between N4 and
P1. The final PIL could be classified as a collisional PIL as defined in Chintzoglou et al. (2019),
rather than a self-PIL within a single bipole. Note that we also identify collision between two nearby,
pre-existing bipoles (NA PA and NB PB in Figure 1(a)-(b)), where clear cancellation occurs (see the
animation associated with Figure 1) and a strongly sheared (or weakly twisted) structure forms and
evolves independently from the MFR formed at the central PIL (see Section 3.1.2). For simplicity,
we focus on the MFR formation above the complex central PIL we describe above, and pay no much
attention to the structure which is formed by the flux cancellation clearly.
3.1.2. Appearance of a Sigmoid
We then examine the AIA images at all EUV passbands to investigate the coronal evolution of
the region. The connectivity of the polarities that we infer from the magnetograms is confirmed at
the 171 A˚ passband (Figure 2). For each conjugate polarities pair, nearly-potential loops connecting
them appear when they start to emerge (Figure 2(a)-(d)). As the flux emergence progresses, the
loops seemingly get sheared gradually, and blurred by nearby dynamically evolving loops. Along the
central PIL, brightenings occur occasionally (Figure 2(e)); a possible sigmoidal structure seemingly
appears at around 09-04T23:43 UT (Figure 2(f)).
At the 304 A˚ and 131 A˚ passbands, similar evolution is observed, although the connectivity of
the interested polarities is not as clear as that in the 171 A˚ passband. At around 07:34 UT on
2017 September 4, two sets of sheared loops connecting N1 P1 and N2 P2 are identified in both
passbands (Figure 3(a1)-(a2)). Another set of strongly sheared loops connecting pre-existing, non-
conjugated polarities NA and PB are also visible in the 131 A˚ (Figure 3(a2)), which results from
the flux cancellation between PA and NB (see Section 3.1.1). At around 16:10 UT, the sheared
filamentary loops at the 304 A˚ passband seem to merge near N1, that an elongated filament appears
(Figure 3(b1)). Meanwhile, two sets of disconnected sheared loops are still seen in the 131 A˚ passband,
with one connecting N3 and the mixed positive polarities next to N1, the other connecting N1 and
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P4 (Figure 3(b2)). At around 23:44 UT, the filament in the 304 A˚ passband is not discernible. In
contrast, a continuous sigmoidal hot channel is seen in the 131 A˚ passband (Figure 3(c1)-(c2)).
The appearance of a sigmoidal filament and a hot channel indicates that an MFR starts to appear
above the PIL, at least from around 15:30 UT to 23:44 UT on 2017 September 4 (see Figure 3
associated animation). It may be formed through the magnetic reconnection (manifested as the
merging) between different loops at the collision locations. The process may occur in the relatively
cold, lower solar atmosphere as the MFR firstly appears in the 304 A˚ passband which images the
chromosphere (Lemen et al. 2012). It then may rise and get heated to appear in the high-temperature
wavelength such as 131 A˚. In the next section, we resort to the NLFFFs modeling to quantitatively
study the details of the MFR formation.
3.2. Mechanism of the MFR Formation
3.2.1. Formation details revealed by 3D NLFFFs
We extrapolate a time series of 3D NLFFFs, based on which the observed connectivity is well
reproduced (Figure 4). When the bipoles start to emerge, the magnetic field lines connecting the
conjugated polarities are nearly potential as evidenced by, e.g., the small Tw (of around −0.2) that the
field lines from N1 have (Figure 4(a1)). With P2 and P3 moving southward, field lines connecting N2,
P2, N1 and P1 appear, showing a U-shaped bottom near N1 and Tw of around −0.4 (Figure 4(b1)-
(c1)). This confirms that a merging process occurs at the collision location (between N1 and P2).
Similar process occurs at the other collision location (between N4 and P1), as the field lines passing
through N2, P2, N1, P1, N4 and P4 appear later, presenting a “sea-serpent” configuration with
U-shaped bottoms near N1 and N4. Their twist number increases to around −0.8 (Figure 4(d1)).
Note that the small positive polarity next to N1, labeled as P0, is found to connect to the remote
pre-existing negative polarity that is not involved into the MFR formation later.
At 09-04T09:46 UT, the field lines connecting N3, P3, N1, P1, N4 and P4 appear along the PIL,
showing |Tw| > 1 (Figure 5(a)), which indicates a further merging between N1 and P3 and the
formation of an MFR seed. The MFR does not have a clear, closed QSL (high Q lines) boundary
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(Figure 5(a1) and (a2)), indicating that its formation is on-going. The bottom of the QSL touches
the photosphere, revealing the presence of a BP configuration at the collision location (between N1
and the mixed positive polarities). As time goes on, the cross section of the MFR (the region with
|Tw| > 1) keeps growing bigger, with the high Q boundary getting clearer and closed gradually
(Figure 5(b)-(f)). The cross section shows inhomogeneous Tw distribution, with a region owning
stronger Tw than its surrounding. Note that the connectivity of the later emerged bipole N5 P5 is
also reproduced (see Figure 5(b)). Although P5 moves southward and gets mixed with P2 and P3,
no MFR field line connecting to N5 is found, indicating that the bipole does not contribute magnetic
flux to the MFR directly.
We further calculate the axial flux Φ and average twist number Tw at several selected moments.
To calculate the parameters, one need to determine the boundary of the MFR. For a full-fledged
MFR, the clear high Q lines enclosing it can be taken as its boundary. Whilst for a MFR during
formation, it may not have closed high Q boundary (see Figure 5). Thus, we determine the MFR
boundary here through combining the existing high Q lines and the contour of the threshold of Tw
manually (see also Liu et al. (2018)). The threshold value of Tw is set to vary from −1.2 to −1 to
ensure the contour line and the unclosed high Q line connect smoothly. At each moment, we repeat
the boundary identification and the calculation at three vertical slices, and get three values for each
parameter. The mean value of them is taken as the final value and the standard error is taken as part
of the error. The rest of the error is considered from two sources, one is the uncertainty of manual
boundary identification, the other is the photospheric noise and the orbital variations that propagate
through the NLFFFs model. The former is estimated to be 10% and 3% for Φ and Tw according to
the results in Liu et al. (2018). For the latter, Wiegelmann & Inhester (2010) reveals that a uniform
noise of around 5% of the maximum transverse field introduces about 4% error to the extrapolated
field. Taking this result, we get an error of 4% to Φ, and a negligible small error to Tw.
Figure 6 shows the final results. The weakly sheared structure during the very early emergence
phase (e.g., at around 09-04T04:10) has Tw and Φ as small as −0.4 and 1.1 × 1018 Mx, respective.
After the data gap, the two parameters start to increase significantly. Until 12:58 UT, Φ displays
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a gradual increase to around 0.6 × 1020 Mx with an average growth rate around 0.06 × 1020 Mx
h−1, while Tw rises to −1.5 rapidly with an average growth rate around −0.14 h−1. From 12:58 UT
to 18:34 UT, Φ keeps increasing to 2.1 × 1020 Mx with a faster growth rate around 0.3 × 1020 Mx
h−1, while Tw remains steady around −1.5. Later on, both Φ and Tw remain relatively steady. We
conclude that a well-shaped MFR has been formed by this time.
The evolution of the current density is also checked (Figure 7). It is found that the current
firstly accumulates near the collision location (between N1 and the nearby mixed positive polarities)
(Figure 7(a)-(c)), then grows along the whole PIL gradually along with the MFR formation (Fig-
ure 7(d)-(f)). The strong current region at around 09-04T22:34 UT resembles the shape of the MFR
(Figure 7(f)), indicating that the volume current along the MFR has been built up.
The above NLFFFs result reveals a similar process as indicated in the EUV images, i.e., the MFR
is highly possible to be formed through magnetic reconnection at the collision locations, probably
with a shearing process accompanied. It further reveals that the MFR seed is formed by around
09-04T09:46 UT. Subsequently, its magnetic flux and twist number keep growing with time. Finally,
the MFR has relative steady Φ and Tw of around 2.1× 1020 Mx and −1.5, respective.
3.2.2. Topology of the MFR
It is shown that along with the MFR formation (Figure 5(a2)-(f2)), a BP configuration exists at
one collision location (between N1 and its non-conjugated positive polarities), at which the discrete
sheared loops get merged. The other collision location, where merging also occurs, is the interface of
N4 and P1. This indicates that the MFR probably owns a complex configuration with more than one
BP. We select a moment (2017-09-04T16:10 UT) to analyze the topology of the MFR in detail. We
do identify two elongated BPs at the central PIL on the photosphere (BP1 and BP2 in Figure 8(a))
by the BP criterion, Bh · ∇hBz|PIL > 0 (Titov et al. 1993, Titov & De´moulin 1999), one between
N1 and the mixed positive polarities (BP1), the other between N4 and P1 (BP2), consistent with
the locations where the collision and merging occur. The horizontal field at the BPs clearly show
inverse configuration (Figure 8(b)). Note that the MFR in fact touches the bottom boundary of the
NLFFFs, which is not exactly the same as the photosphere, so that we compare the BPs on the two
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layers. It is found that the BPs on the former have almost the same patterns as the ones on the
latter, with a coincidence ratio up to 89% (Figure 8(c)). This suggests that the topological signatures
on the photosphere are kept by the extrapolated NLFFF bottoms to a large extent.
Detailed topology of the MFR is displayed in Figure 9. Three sets of representative field lines are
shown (Figure 9(a)-(b)). Two sets of them pass through BP1, having Tw of −1.9 and −1.4 (indicated
by pink and blue arrows in Figure 9), respective. The other set passing through BP2 has Tw of −1
(indicated by orange arrow in Figure 9). The inhomogeneous Tw distributions in the cross section of
the MFR (Figure 5) could be due to the fact that the helical field lines are merged from different sets
of discrete loops which have different degrees of shear. Meanwhile, sheared field lines (in silver color
in Figure 9(b)) also exist near the BPs, having orientations similar to the nearby twisted field lines.
The 3D distribution of Q (Figure 9(c)) shows larger values in the regions extending from the BPs to
the lower atmosphere, indicating extending BP QSLs. Except the two BPs, a very low-lying X point
(with a height around 0.5 Mm), where two QSLs intersect, is found between them (Figure 9(d)-(f)),
suggesting an HFT configuration. Both BPs and HFT with high Q values are the most likely locations
where magnetic reconnection takes place (e.g., Titov et al. 1993, Fan & Gibson 2004). While the
reconnection at the photospheric BPs should result in flux cancellation, that at the low-lying HFT,
the height of which is comparable to the critical height for the submergence of reconnected short
loops (van Ballegooijen & Martens 1989), may also result in flux cancellation.
In short, we analyzed the detailed topology of the MFR. The MFR owns two BPs formed at the
collision locations and an HFT between them, all favoring the reconnection. It further supports that
the reconnection happening at the BPs, may also at the HFT, leads to the formation of the MFR.
It should be noted that the above results are derived based on the model that has the non-linear
force free assumption, which generally is not satisfied in the lower atmosphere. To check the reliability
of the results, we compare the extrapolated MFR and the MFR proxy imaged by the EUV passbands
(see Figure 10). It is found that the overall shape of the filament in the 304 A˚ passband and the hot
channel in the 131 A˚ passband is reproduced by the extrapolated MFR to a large extent. Furthermore,
the force-free and divergence-free conditions for all extrapolations we performed are also checked using
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the criteria proposed in Wheatland et al. 2000 (see examples in Liu et al. 2017), and are found to be
small. We conclude that the quality of the NLFFFs extrapolations here is acceptable.
3.2.3. Shearing and Cancellation Resulted from the Collision
We further explore the possible driver of the MFR formation through analyzing the photoshperic
velocities calculated by DAVE4VM (Schuck 2008). It is found that the separation between N1 and P1
has a velocity of around 0.3 km/s for each polarity (Figure 11(a)), while that between N2 and P2 is
slower, with the velocities of around 0.2 km/s and 0.1 km/s for N2 and P2, respective (Figure 11(b)).
After the collision between the oppositely moving N1 and P2, N1 starts to shear against P2, pushing
P2 to turn toward northeast gradually (Figure 11(b)-(f)). This is exact a “collisional shearing”
process, during which a BP appears at the collision location and the discrete loops from N1 P1 and
N2 P2 get sheared and merge there (see NLFFFs in Figure 4(b)). The separation of N3 P3 is not
captured as they may be blocked by the pre-existing large positive polarity at the west (Figure 11(f)).
For N4 P4 that appear after the data gap, while P4 departs from N4 with a velocity of around
0.4 km/s, N4 seems to have collided with P1 and gets sheared against P1, being pushed toward
southwest with a velocity of around 0.2-0.3 km/s (Figure 12(a)-(c)). The BP2 appears at the collision
location where the field lines connecting N1 P1 and N4 P4 get merged (see Figure 4(d)). The
separation of N5 P5 is also captured. P5 firstly moves southward with a velocity of around 0.3-
0.4 km/s (Figure 12(a)-(c)), then slows down to around 0.1 km/s gradually (Figure 12(d)-(e)). After
reaching the mixed positive polarities next to N1, P5 gets sheared against them and turns toward
northeast gradually (Figure 12(e)-(i)). In general, the magnitude of both separation and shearing
velocities is of around several hundreds meters per second, comparable to the results in Chintzoglou
et al. (2019). After the onset of collision, the separation motions gradually reduce, while the shearing
motions seem to be persistent. These are also consistent with the findings in Chintzoglou et al.
(2019). The results suggest that the continuous collisional shearing near the two BPs may be the
driver that adds the magnetic flux and twist into the MFR continuously.
Additionally, we take two slits across different bipoles on the Bz magnetograms and make their
time-distance plots (Figure 13). The separation of N1 P1 and of N4 P4, and the colliding between N4
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and P1 are clearly seen (Figure 13(a)). The grouping of the northeastward moving N1, N2 and N3 can
be attributed to the blocking of the pre-existing PA (Figure 13(a)). The separation of N5 P5, and the
colliding of P5 to the mixed positive polarities near BP1 are also identified (Figure 13(b)). Strikingly,
the colliding timing of P5 (around 09-04T13:00 UT, indicated by the blue eclipse in Figure 13(b))
coincides well with the timing after which the MFR axial flux increases faster (see Figure 6(a)),
suggesting that this colliding speeds up the MFR formation. The results unambiguously evidence
that the collision drives the formation of the MFR.
Flux cancellation is expected during the “collisional shearing”. After inspecting the central PIL
region, we do identify a few cancellation events (Figure 14), although cannot estimate the exact
canceled amount due to the continuous flux emergence. The first event occurs at the very early
emergence phase, during which an elongated, spindly positive flux patch in P2 disappears gradually
(Figure 14(a)-(d)). The corresponding canceled flux in N1 is covered by simultaneous emerging flux.
This event corresponds well with the “collisional shearing” between N1 and P2, and the resulting
merging that creates serpentine-shaped loops there (see Figure 4(b1)). The second event also occurs
before the start of the MFR formation, during which a positive polarity patch enclosed by N2 and
N3 disappears gradually (Figure 14(e)-(h)). The NLFFFs reveal that this polarity connects to N3
initially (see Figure 4(c)), thus the cancellation should occur between the positive polarity and
N2, which results in some field lines from N3 connecting to P2 directly (see Figure 4(d)), without
significant separation occurring between P3 and N3. This event does not occur at the two identified
BPs, but does occur at part of the identified collisional PIL. During the third event, a weak field
region near N1 shrinks and disappears gradually (Figure 14(i)-(l)). The process corresponds well
with the continuous collisional shearing between N1 and the nearby mixed positive polarities, and
the merging that creates the MFR there (see Figure 5). Clear flux cancellation confirms the presence
of magnetic reconnection in the very lower atmosphere through which the MFR is formed.
During the second and the third cancellation events, small-scale brightenings are observed in the
AIA 1700 A˚ passband at the cancellation locations (Figure 15), again supporting the presence of
magnetic reconnection. The brightenings in 1600 A˚ are also observed in the third event, but not as
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evident as the ones in 1700 A˚ (not shown here). These confirm that the reconnection mainly occurs
in or slightly above the photosphere, since the 1700 A˚ passband emission usually originates from
the temperature minimum region and the photosphere, while the 1600 A˚ emission usually originates
from the upper photosphere and the transition region. For the first cancellation event, no evident
UV brightenings are observed, which may be attributed to multiple reasons, such as a small amount
of canceled flux, too weak reconnection to generate detectable brightenings, a reconnection site lower
than the formation height of 1700 A˚ or 1600 A˚, or even combination of these factors.
4. SUMMARY AND DISCUSSION
In this work, we investigate the formation of an MFR above the central PIL of NOAA AR 12673
during the AR’s early emergence phase, mainly on 2017 September 4, through analyzing its pho-
tospheric magnetic field, coronal appearance imaged by the EUV and UV passbands, coronal field
reconstructed by the NLFFFs model, and the photospheric motions calculated by the DAVE4VM
method. It is found that when several bipoles emerge in the central region, their conjugated polari-
ties separate from each other, resulting in collision between the non-conjugated opposite polarities at
two locations. Nearly-potential loops connecting different bipoles appear at first, then seemingly get
sheared and merge at the collision locations as evidenced by the appearance of a continuous sigmoidal
filament in the 304 A˚ and a hot channel in the 131 A˚ passband, which also indicates the formation
of an MFR. The NLFFFs further reveal that the MFR is built up gradually. It finally has relatively
steday axial flux and average twist number of around 2.1 × 1020 Mx and −1.5, respective. At its
bottom, two elongated BPs (at the collision locations) and a slightly higher HFT are formed. Shear-
ing motions are found developing between the non-conjugated polarities when the collision occurs.
This process, named as “collisional shearing”, displays well correlation to the timings of the MFR
formation. We also identify flux cancellation and UV brightenings at the BPs during the process.
Combing the results, we conclude that the MFR is formed by the “collisional shearing”, specifically,
through shearing and flux cancellation driven by the collision. The emerged magnetic field lines are
sheared by the former and transferred into the MFR by the latter. Note that, we also identify collision
between identical polarities, i.e., between P5 and the positive polarities near BP1, which does not
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drive direct reconnection, but does push the already collided opposite polarities to reconnect faster
along the collisional PIL as evidenced by the faster increasing axial flux after the collision, speeding
up the MFR formation. It provides another solid evidence to the critical role that collision plays in
forming the MFR.
Sun et al. (2018) also identified the shearing motions, extending BPs and formation of a low-lying
MFR above the central PIL prior to the two X-class flares on 2017 September 6. The MFR studied
here have erupted during the CMEs on 2017 September 5 (Vemareddy 2019) before its reformation
reported in Sun et al. (2018). These indicate that the MFR is reformed and erupted repeatedly,
driven by the “collisional shearing” resulting from the continuous flux emergence. It is consistent
well with the findings in Chintzoglou et al. (2019), which address the “collisional shearing” as the
main driver of major solar activities in emerging multipolar ARs.
The MFR here is proved to be formed through the interaction between different bipoles, thus
the bodily emergence scenario, which expects the helical field lines emerge as a whole, is naturally
excluded. The inconsistency between the bodily emergence scenario and the multipolar configura-
tions was indeed originally suggested by Chintzoglou et al. (2019). The sub-surface structure of the
emerging magnetic field remains unknown. One may argue that the bipoles emerge with their own
timings and flux contents, may suggest that they are independent. However, the four of the bipoles
(except the biple N5 P5) are located side by side along the PIL, may be argued to evidence a possible
sub-surface connection. It is also suggested by the simulation works that the different parts of one
flux tube may rise at different times (e.g., Archontis & To¨ro¨k 2008, Archontis et al. 2014, Leake et al.
2013, 2014), even with imbalanced flux (Fan et al. 1999). Thus, no conclusion can be made on the
sub-surface configuration based on the present results.
As clear cancellation is observed, the reconnection that forms the MFR should mainly take place at,
or slightly above, the photosphere as required by the cancellation model (van Ballegooijen & Martens
1989). It is further evidenced by the UV brightenings, and supported by the successive appearance of
a sigmoidal filament in the AIA 304 A˚ passband and a hot channel in the 131 A˚ passband. Note that
transient EUV brightenings are also observed occasionally, but its association to the MFR formation
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seems hard to be determined. Even though a slightly higher HFT appears, where the reconnection
may also occur and play a role in forming and heating the MFR, it still does not reach the corona.
To summarize, we find that during the early emergence phase of NOAA AR 12673, the MFR above
its central PIL is formed in the very lower atmosphere, through shearing and flux cancellation driven
by the collision between emerging non-conjugated polarities, i.e., a process named as “collisional
shearing”. The collision indeed results from the proper separations of the emerging conjugated
polarities.
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Figure 1. Maps of vertical component (Bz) of the photospheric vector magnetic field at six selected
moments, showing the emergence of the different flux concentrations forming the central PIL of the AR.
The interested region is enclosed by the red ellipse. The field saturates at ±2000 Gauss, with black (white)
patches for negative (positive) polarities. Labels N1 P1, N2 P2, N3 P3, N4 P4 and N5 P5 denote the
identified bipoles, N (P) for negative (positive) polarities. P0 denotes a pre-existing positive polarity next
to N1. NA PA and NB PB denote two pre-existing bipoles. The red rectangle in panel (f) indicates the
field of view (FOV) of Figure 14. The red arrows in panel (b)-(c) point out the southward motion of P2.
The blue arcs S1 and S2 are used for making the time-distance plot in Figure 13. The green line in panel
(e) marks the central PIL for reference. The PIL is directly extracted at the contour line of Bz = 0 drawn
on the photospheric Bz magnetogam. The images are not shown in regular cadence since the polarities are
not emerging in a regular pace. An online animation is also available.
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Figure 2. The AIA 171 A˚ images showing the evolution of the AR. The images are processed by a Multi-
scale Gaussian Normalization method (MGN method, Morgan & Druckmu¨ller 2014) to enhance the ratio of
signal to noise. The backgrounds represent the HMI Bz magnetograms. The blue labels in panels (a)-(d)
mark the interested polarities as same as in Figure 1. The arrow in panel (e) indicates the brightenings
along the central PIL, while the one in panel (f) marks a possible sigmoidal structure. The images are not
shown in regular cadence since the polarities are not emerging in a regular pace. An online animation is also
available.
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Figure 3. The AIA 304 A˚ and 131 A˚ images with the HMI Bz magnetograms shown as the backgrounds.
The AIA 304 A˚ images are processed by the MGN method. The dotted curves in panels (a1), (a2) and
(b2) mark the sheared loops across the central PIL. The ones in panels (b1) and (c2) indicate a sigmoidal
structure. An online animation is also available.
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Figure 4. Representative NLFFFs lines traced from the emerging bipoles, with different colors representing
field lines from different bipoles. The backgrounds are Bz on the photosphere, saturating at ±2000 Gauss
with black (white) patches for the negative (positive) polarities. The insets (a1)-(d1) at the upper-right
corners display representative field lines passing through N1 in another view angle.
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Figure 5. The evolution of the MFR above the emerging region. Representative field lines constituting
the MFR are plotted in iridescence, varying with the field strength. The upper-right insets (a1)-(f1) and
(a2)-(f2) display distributions of Tw and Q in vertical cuts across the interface of N1 and the mixed positive
polarities. Colored diamonds in panel (d1) mark the positions where the field lines in Figure 9 thread. The
silver lines in panel (b) are the representative field lines from the bipole N5 P5 which emerges after the data
gap.
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Figure 6. Evolution of the MFR parameters. (a): the axial flux Φ of the MFR. (b): the average twist
number Tw of the MFR. The red vertical lines divide the time into three periods. The corresponding red
dots give the average change rate during each period.
25
Figure 7. Evolution of the current density J . The value displayed in each pixel is vertically integrated from
the bottom boundary to the pixel at 10 Mm in the NLFFFs using J =
1
µ0
Σh∇ × B(h) since the MFR is
well below 10 Mm. The black line in each panel outlines the PIL, which is directly extracted at the contour
line of Bz = 0 drawn on the photospheric Bz magnetogam.
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Figure 8. The BPs identified on the central PIL at 2017-09-04T16:10 UT. (a) The BPs identified on the
photoshpere. (b) The vector magnetic field in the core region on the photosphere. (c): The BPs identified
on the bottom boundary of the NLFFFs. Bz are plotted as the backgrounds of these panels, saturating at
±2000 Gauss. Two elongated BPs, BP1 and BP2 are marked as thick yellow lines in panels (a) and (c),
and green lines in panel (b). The blue (red) arrows in panel (b) are the horizontal component (Bh) of the
magnetic field coming from (going into) the positive (negative) polarity patches. The yellow thick arrows in
panel (b) point out the orientations of Bh passing through the BPs.
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Figure 9. The topology of the MFR at 2017-09-04T16:10 UT. (a): representative field lines passing through
the BPs. Yellow lines Sa, Sb and Sc mark the positions of three vertical cuts used in panels (d), (e) and (f).
The red thick lines mark the two BPs. (b): another view of the field lines shown in panel (a). Representative
field lines of the sheared arcades near the BPs are also shown in silver. (c): 3D Q in a cylindrical region
containing the MFR. (d) - (f): distributions of Q in the three vertical cuts. Twist numbers of the field lines
in panels (a) and (b) are marked in the same colors as the corresponding diamond symbols in Figure 5(d1).
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Figure 10. The upper row: the extrapolated MFR and a filament observed in the 304 A˚ passband at around
09-04T16:10 UT. The 304 A˚ image is processed by the MGN method. The lower row: the extrapolated MFR
at around 09-04T22:34 UT and a hot channel observed in the 131 A˚ passband at around 09-04T23:34 UT.
The hot channel in panel (d) seems to be ignited in some heating process, during which the non-linear
force-free assumption might not be satisfied, thus we show the extrapolated MFR about one hour ago (in
panel (c)) for comparison. The dashed lines in panels (b) and (d) indicate the MFR.
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Figure 11. Photospheric horizontal flow velocities calculated by DAVE4VM method before the data gap.
The backgrounds are Bz, saturating at ±2000 Gauss with negative (positive) polarities shown in black
(white). The arrows display the horizontal velocity field with orange (cyan) for the negative (positive)
polarity. The yellow rectangle in panel (d) marks the FOV of Figure 14.
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Figure 12. Photospheric horizontal flow velocities calculated by DAVE4VM method at nine selected times
after the data gap. Similar layouts as Figure 11. The yellow rectangle in panel (d) marks the FOV of
Figure 14.
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Figure 13. Time-distance plots of two slits on the photospheric Bz magnetograms, with Bz saturating at
±2000 Gauss. The positions of the slits are shown in Figure 1. The blue eclipse in panel (b) indicates the
timing when P5 collides with the mixed positive polarities next to N1.
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Figure 14. Three identified flux cancellation events. Each column shows Bz maps at selected moments for
one event. The black ellipse points out the region where the positive polarities disappear. Disappearance
of the corresponding negative polarities is covered by the simultaneous flux emergence thus can not be
identified. The black rectangular in panel (e) marks the FOV of Figure 15(a)-(f). The one in panel (i)
marks the FOV of Figure 15(g)-(l). An online animation is also available.
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Figure 15. Brightenings in the AIA 1700 A˚ passpand occurring at the cancellation region during the Event2
and Event3 shown in Figure 14. An online animation is also available.
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